Abstract. We describe here simple methods for producing transgenic zebrafish reporter lines using BAC clones. The use of BAC clones facilitates creation of useful transgenics as the large amounts of genomic DNA they contain increase the likelihood Key words: cerebellum, EGFP, motor neuron, olig2, oligodendrocyte, Purkinje neuron, spinal cord, transgenic, zebrafish that reporter gene expression will be properly regulated. Combined with recent advances in live embryo image analysis, this strategy has the potential to greatly advance the investigation of neural cell behavior during development.
Introduction
Zebrafish became a powerful model system for investigations of vertebrate neural development in large part due to the rapid external development and transparency of the embryos. The accessibility of the zebrafish embryonic nervous system allowed researchers to analyze cell lineages that arise from neural plate cells [1] [2] [3] , ionophoretically label, transplant and ablate individually identifiable neurons in living embryos [4] [5] [6] [7] [8] and perform dye-labeling and immunohistochemical strategies aimed at describing distinct classes of neurons [9] [10] [11] . Because some regions of the central nervous system have morphological features that can be distinguished using a stereomicroscope, numerous mutations that disrupt zebrafish neural development have been identified [12] [13] [14] .
Transgenic technologies have now begun to extend the usefulness of zebrafish as a model system [15] . In particular, transgenic lines that use regulatory DNA to drive expression of fluorescent proteins in temporally and spatially regulated patterns allow visualization of cells in developing embryos. Such lines have already been used, for example, to investigate unique neural cell migrations [16, 17] , reveal dynamic patterns of sonic hedgehog expression in the developing retina [18] and uncover a previously unrecognized transcription feedback loop for pax2.1 [19] .
One significant limitation to creation of useful transgenic reporter genes is that regulatory elements that control gene transcription can be scattered over large regions, making cloning of sufficient amounts of DNA difficult and time consuming. This limitation can be overcome by placing reporter genes into large-insert clones, such as P1 artificial chromosomes (PACs) and bacterial artificial chromosomes (BACs). For instance, chi-mediated homologous recombination was used to place cDNA encoding Green Fluorescent Protein (GFP) into the rag1 locus on a PAC [20] . However, the chi-mediated homologous recombination strategy is technically demanding, which has limited its application.
We have applied a recently reported E. coli-based homologous recombination system [21] to modify BAC clones, which we then use to create transgenic reporter gene lines. We describe here a simple strategy for evaluating candidate BAC clones, our experience with performing the homologous recombination and creating the germ line transformants and a few examples of how we have used an olig2:egfp BAC transgenic to investigate neural development. specific primers: 5 ′CAAGTCAATTCTGTAG-GCCACACACCAG3′ and 5′GCTATTTTAGA-GAGCTTGCGCACAGACG3′. olig2 BAC DNA was prepared using a QIAGEN Plasmid midi kit (QIAGEN Ltd.), following the purification protocol for low copy number plasmids. Purified DNAs were dissolved in nuclease-free water. B. olig2 BAC clone evaluation by microinjection and in situ RNA hybridization olig2 BAC DNA was linearized with NotI restriction enzyme, phenol/chloroform extracted, ethanol precipitated and dissolved in nucleasefree water. DNA for injection was diluted to 40 ng/µl in 0.1 M KCl containing 0.1% phenol red. Microinjections were performed using thin wall borosilicate glass pipettes (OD = 1.0 mm, WPI) pulled to a fine tip using a micropipette puller (P-97, Sutter Instrument Co.), with the tip broken using watchmaker's forceps. [21] by PCR amplification using primers 5′GGACTAGTCTATTCCA-GAAGTAGTGAGGAG and 5′CTGATCGCG-GCCAGCTTGAAG, was then inserted into the BamHI site between the SV40 sequence and olig2 ORF sequence by blunt-end ligation. The targeting fragment was removed from the plasmid by EcoRI/NotI restriction digestion, separated by agarose gel electrophoresis and recovered from the agarose using a QIAquick Gel Extraction kit (Qiagen).
To modify the olig2 BAC, we followed the method of Lee et al. [21] , which employs a modified DH10B strain of E. coli, EL250. EL250 carries a defective λ prophage that expresses the recombination genes exo, bet and gam under control of a heat-inducible λ cI-repressor and an arabinose-inducible flpe gene [21, 24] . EL250 cells were first transformed with olig2 BAC DNA by electroporation (2 mm cuvettes, using a Bio Rad Gene Pulser II set at 2.5 kV, 25 µF and 200 ohms) and selection on 12.5 µg/ml chloramphenicol/LB plates at 32 °C. Colonies were screened by whole-cell PCR using olig2-specific primers. Colonies testing positive for olig2 were used to inoculate LB cultures containing 12.5 µg/ml chloramphenicol. BAC DNA was prepared from these cultures and compared by restriction digest and agarose gel electrophoresis.
A 5 ml 12.5 µg/ml chloramphenicol/LB culture was inoculated with a single colony of chloramphenicol-resistant, olig2 + EL250 cells and grown with shaking at 32 °C overnight. 0.2 ml overnight culture was used to inoculate 11 ml LB and grown with shaking at 32 °C approximately 4-6 hr until OD 600 = 0.5-0.8. bet, exo and gam expression were induced by shifting the cells to 42 °C for 15 min followed by chilling in an icewater bath for 20 min. The culture was centrifuged at 2000g for 8 min at 4 °C. The cells were washed 3 times with 1 ml ice-cold sterile water. The cells were then resuspended in 80 µl ice-cold sterile water. 40 µl of resuspended cells were electroporated as above with 100 ng purified, linear targeting DNA. 1 ml of SOC medium was added to the cells and incubated at 32 °C for 1-1.5 hr with shaking. Cells were then plated and incubated at 32 °C for 24 hours on LB-agar plates containing 25 µg/ml kanamycin and 12.5 µg/ml chloramphenicol. Colonies were screened by whole-cell PCR, using an egfpspecific primer (5′GAACACCCCCATCGGC-GACG3′) in combination with a primer specific to olig2 sequence flanking the targeting fragment (5′AATGCGAGACAGCAGCGGGG3′). After identification of modified BAC clones, an overnight culture was grown at 32 °C in LB containing 25 µg/ml kanamycin. 0.1 ml of this culture was used to inoculate 5 ml LB, which was incubated at 32 °C with shaking until OD 600 = 0.5. To remove the kanamycin resistance gene, L-arabinose (Sigma) was added to 0.1% final concentration and the culture incubated at 32 °C for 1 hr with shaking. This culture was then diluted 10-fold in LB medium and incubation continued at 32 °C for 1 hr with shaking. Cells were then spread on LB-agar plates containing 12.5 µg/ml chloramphenicol. Colonies were tested by PCR to assay loss of the kanamycin resistance gene.
D. Transgenesis
Modified BAC DNA was linearized and prepared and microinjections were performed as described above. Injected embryos were screened at 24 hpf using a stereomicroscope equipped with epifluorescence optics. Those that expressed EGFP at high level in ventral neural tube were raised to adulthood. To identify germ line-transformed founders, we intercrossed injected fish and screened their progeny for fluorescence using a stereomicroscope. EGFP + embryos were raised to adulthood to establish transgenic lines. E. Microscopy
For some images, transgenic embryos were mounted on bridged microscope slides in Embryo Medium containing 0.15% Tricaine to prevent movement. These embryos were viewed using a Zeiss Axioskop microscope and images collected using a Hamamatsu Orca cooled CCD camera. For other images, living embryos were mounted as above or fixed embryos were mounted in 75% glycerol on bridged microscope slides. These were then analyzed using a Zeiss LSM510 Meta laser scanning confocal microscope. All images were imported into Adobe Photoshop. Image enhancements were limited to Levels and Curves functions. F. Live embryo culture and time-lapse microscopy The deyolking and plasma-clot methods were described by Langenberg et al. [25] . AMP-PNP (adenosine 5′ (β, γ-imido) triphosphate, lithium salt) (Calbiochem, San Diego, CA) was diluted to a final concentration of 40 mM in distilled water and small aliquots frozen at -20 °C. A large bolus of ~8 nl of 40 mM AMP-PNP solution was injected, as described above, into the yolk cell of anesthetized 48 hpf transgenic embryos. After 2-3 minutes, a tungsten needle was used to create a hole in the yolk cell, and the yolk mass within the yolk cell was extruded by gentle pressure applied from a blunt metal microneedle. To mount deyolked embryos for microscopy using the plasma clot procedure, lyophilized bovine plasma (Sigma) was reconstituted in distilled water and frozen in aliquots at -20 °C. Thrombin (Sigma) was diluted to 100 U/ml stock concentration, partitioned and frozen at -20 °C. A drop (~20 µl) of reconstituted bovine plasma was spread in a uniform thin layer over a small area on the surface of a microscope coverslip. The coverslip was then placed under an incandescent desk lamp to dry the plasma and promote its adsorption to the coverslip. An aqueous solution of thrombin (100 units/ml) was quickly applied to the dried plasma layer for several seconds, then quickly removed using a Pasteur pipette. The thrombin quickly catalyzed the clotting of the plasma layer adsorbed to the coverslip. The coverslip was covered with L-15 (Leibovitz) culture medium (Sigma) containing 100 U/ml penicillin/streptomycin (GibcoBRL) and 10 mM glucose, and deyolked embryos were transferred to the coverslip and positioned underneath the plasma clot layer. G. Genomic DNA isolation Genomic DNA was isolated from embryos as described previously [22] . 50 µl extraction buffer (10 mM Tris pH 8.2, 10 mM EDTA, 200 mM NaCl, 0.5% SDS, 200 µg/ml proteinase K) was added to individual embryos in Eppendorf tubes and incubated at 50 °C for about 3 hr with occasional mixing. 100 µl EtOH was added, mixed, and the samples incubated on ice for 20-30 min. The samples were centrifuged for 10 min, the supernatant was removed and pellets washed with 200 µl 70% EtOH. 
Results and discussion
We used PCR to identify an olig2 BAC clone in an arrayed library from Incyte Genomics. The work described here was performed using this clone. However, as Inctye Genomics no longer provides a zebrafish BAC library, for subsequent projects not reported here we have obtained clones from Library ZF-danioBAC, #735, created by Ronald Plasterk and provided by RZPD. To evaluate if the olig2 BAC contained all regulatory DNA sufficient to drive appropriate expression, we purified DNA and injected approximately 1 ng into newly fertilized eggs within 10 minutes after fertilization. We raised these embryos to 24 hpf, fixed them and processed them for in situ RNA hybridization to detect olig2 message. Hybridization signal was evident within 10 minutes after initiation of the staining reaction ( Figure 1A ) whereas noninjected embryos were typically stained for 1-2.5h to detect the endogenous olig2 expression pattern ( Figure 1B ). Expression in injected embryos was mosaic ( Figure 1A ), but in sufficient number of cells that we could determine that the distribution of expressing cells in the ventral diencephalon and ventral spinal cord was similar to expression of the endogenous olig2 gene ( Figure 1B) . We infer that the rapid detection of olig2 transcripts in injected embryos resulted from transcription of the olig2 gene carried on multiple copies of the BAC. We conclude that injection of BACs followed by in situ hybridization provides a way to rapidly evaluate whether a particular clone carries sufficient regulatory DNA sequences to drive appropriate gene expression.
To produce an olig2 reporter gene, we used E. coli-based homologous recombination [21] to place cDNA encoding an enhanced version of Green Fluorescent Protein (EGFP) into the olig2 translation start site on the BAC clone. To do so, we made a targeting construct that had at its core EGFP coding sequence fused to a kanamycin-resistance gene that was flanked by FRT sequences recognized by Flpe recombinase (Figure 2 ). Initially, we used PCR to place 50 bp of olig2 immediately 5′ and 3′ to the translation start site on the 5′ and 3′ ends of the targeting construct. However, we failed to recover recombinants. Thus, we cloned 1.8 kb 5′ sequence and 0.35 kb 3′ sequence to the targeting construct. After transformation and kanamycin selection, we recovered 29 colonies. Successful targeting was confirmed in 10 clones by whole-cell PCR analysis with an egfp specific primer and a flanking primer of the targeting locus. From PCR analysis and restriction mapping, we determined that all clones were correctly targeted and there were no abnormal recombinant BAC clones.
To verify the accuracy of the homologous recombination, we injected linearized, kanamycin-resistant, olig2:egfp BAC DNA into newly fertilized eggs, raised them to 24 hpf and viewed them with a stereomicroscope equipped with epifluorescence optics. These embryos expressed EGFP ectopically (data not shown), in contrast to embryos injected with unmodified BAC DNA and probed by in situ RNA hybridization ( Figure 1A) . Reasoning that the kanamycin-resistance gene might interfere with olig2:egfp expression, we performed Flpe-mediated recombination to remove kan R and repeated the injections. Most embryos injected with kanamycinsensitive, olig2:egfp BAC DNA had EGFP + cells in the ventral diencephalon and spinal cord (data not shown), indicating that EGFP was accurately expressed under control of olig2 regulatory sequences. To screen for germ line transformants, we raised injected fish to adulthood, mated them to wildtype fish and screened the progeny for EGFP expression. Of 150 fish, 6 produced EGFP + embryos. The germ lines of founder fish were mosaic, ranging in frequency from 0.1% to 40%.
F1 EGFP + fish, designated Tg[olig2:egfp], were raised to adulthood. Upon mating to wild-type fish, all produced EGFP + embryos at a frequency of approximately 50%, indicating Mendelian inheritance of the transgenes. Each transgenic line expressed EGFP in patterns similar to that of the endogenous olig2 gene. However, the intensity of EGFP fluorescence varied between lines ( Figure 3A) . This variability could reflect differences in transgene copy number or the effect of genomic sequences neighboring the different insertion sites. To test this, we performed semi-quantitative PCR to assess the relative number of transgene copies in each line. The amount of PCR product produced from individual transgenic embryos correlated with the strength of EGFP fluorescence ( Figure 3B ). This is most consistent with the idea that the amount of reporter gene expression is determined by transgene copy number, although we have not eliminated the possibility that the integration site similarly influences gene expression and PCR amplification. Nevertheless, these observations raise the possibility that the large size of BAC transgenes help buffer them from positional effects.
The olig2 transgene expresses a soluble form of EGFP, which occupies the cytoplasm, allowing identification of cells by morphology. Previous work showed that motor neurons and oligodendrocytes of rodent, chick and zebrafish embryos express Olig genes [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . By 1.5 dpf, motor nerves of transgenic embryos were revealed by EGFP fluorescence ( Figure 4B) . By 3 dpf, individual EGFP + cells migrated dorsally from the ventral spinal cord ( Figure  4C ). High magnification views showed that migrating cells had multiple, thin processes, indicative of oligodendrocyte progenitor cells (OPCs). Thus, the transgene appears to accurately mark olig2 expression in motor neurons and oligodendrocytes.
We also used transgene expression to investigate Figure 5A ) and so we set out to identify them by morphology. At 36 hpf, soon after EGFP fluorescence was first evident, labeled cells were bipolar and appeared to stretch across the cerebellar anlage ( Figure 5B ). By 48 hpf, labeled cells projected long processes to the ventral brainstem ( Figure 5C ). By 7 dpf, labeled cells formed an extensive meshwork of fine processes that projected dorsally and posteriorly toward the ventricle ( Figure 5D ). These morphological features suggest that cerebellar cells that express olig2:egfp are Purkinje neurons. Because of the low abundance of olig2 RNA in cerebellar cells and the lack of well-characterized markers of cerebellar cell types in zebrafish embryos, it is unlikely that we would have identified these cells using an olig2 RNA probe.
One particularly powerful application of reporter gene technology in zebrafish embryos is cell movement analysis. We have begun to use Tg[olig2:egfp] embryos to investigate problems of oligodendrocyte migration. One difficulty we encountered is that the embryo's yolk cell, by preventing the spinal cord from being positioned very close to a coverslip, often precluded imaging using high numerical aperture objectives with short working distances. Recently, a method for removing the yolk cell from embryos and culturing them for extended periods of time was described [25] . We used this method to facilitate analysis of spinal cords of transgenic embryos by time-lapse confocal laser scanning microscopy using a 40× oil immersion lens (1.3 N.A.), which allowed visualization of OPC movement and morphology. As in the example shown in Figure 6 , we found that OPCs began to migrate in anterior spinal cord by 49 hpf. Migrating OPCs initially adopted an elongated, bipolar morphology and quickly formed fine cellular processes. In this example, the OPC moved about 40 µm, covering most of the distance in less than 3.5 hr. In summary, we showed here that a straightfor- ward method for introducing reporter genes to BAC clones can be adopted for zebrafish and that it is possible to efficiently produce germ line transformants carrying modified BAC clones. The ability to use these reporter genes to identify and observe specific cell types in living embryos, as we have done here, should enable a large variety of investigations of neural development. 
